Three forms of infantile gastroenteritis virus (IGV), each representing the exposure of a different surface layer, were studied by negative-contrast electron microscopy and compared with analogous forms of a reovirus and an orbivirus. Although major structural similarities were found in each of the three main layers of these viruses, differences were sufficient to clearly distinguish the member genera of the Reoviridae family. IGV particle morphology was stable to most physical and chemical agents commonly used to evaluate virus lability. Virions were stable under all test conditions except when treated with versene-trypsin or held at pH<3.
INTRODUCTION
A major etiological agent of enteritis in young children in many parts of the world has been shown to have morphological and physicochemical characteristics similar to those of known members of the Reoviridae family of viruses (Bishop et al. I973; Editorial, Lancet, I975; Holmes et al. I975; Martin, Palmer & Middleton, I975; Kalica et al. I976; Schnagl & Holmes, 1976 ) . Thin sectioning of cells from duodenal biopsies of all children initially suggested that the virus was identical in morphology to members of the Orbivirus genus (Bishop et al. I973) . Later studies confirmed that the virus had a number of morphological and morphogenetic features similar to those of reoviruses as well as orbiviruses (Holmes et al. I975) . When initially viewed by negative-contrast electron microscopy, however, the virus was distinguished from viruses of these genera by an outer layer which gives the virus a precise smooth margin 1973) ; separately, the virus was found to be antigenically unrelated to viruses of either genus (Kapikian et al. I974, I975) .
We later demonstrated that the virus causing enteritis in young children, infantile gastroenteritis virus (IGV), possesses several unique morphological features. Surrounding a hexagonal core, there is a major capsid layer in which shared subunits form an icosadeltahedron (Martin et al. I975) . This major capsid layer is in turn surrounded by an outer layer which we described as ultrastructurally indistinct but which Flewett et al. (1973) described as being composed of T-shaped capsomeres.
In the present study, IGV particles with each of the three major layers expressed at their surface were compared with morphologically analogous particles of reovirus type 3 and the prototype Orbivirus, bluetongue virus (BTV). In addition, the stability of IGV under varying physical and chemical treatment was estimated. Because no practicable method has yet been devised to assay IGV infectivity, morphological criteria were used to judge the effects of those adverse conditions and treatments which have commonly been used as indices of the stability of other viruses. 
METHODS
Virus. The IGV used in this study was obtained from faecal extracts of children hospitalized with acute gastroenteritis in Grady Memorial Hospital, Atlanta, Georgia, in 1975; specimens were collected for diagnostic purposes as part of a nosocomial infection study (Ryder et al. unpublished data) . Virus was purified by density gradient centrifugation as described previously (Martin et al. 1975) . The Dearing strain of type 3 reovirus was propagated in mouse L cells and purified as described by Palmer & Martin (1977) . Bluetongue virus, serotype 8, was obtained from the Viral Pathology Branch, Center for Disease Control (CDC). It was propagated in BHK2I cells and purified in the same way as reovirus except that cells were not extracted with Genesolv-D.
Virus stability. Purified IGV preparations were subjected to adverse physical conditions and chemical treatments to determine the stability of virions. Purified virus preparations at a concentration of about ~o 1° particles/ml suspended in o.oI M-sodium phosphate buffered saline (PBS), pH 7-2, were treated as follows: (I) heated to 50 °C for I h; (2) pelleted by centrifuging at IOOOOO g for I h at 4 °C; (3) mixed I : t with pH 3 and pH IO o'o5 M-glycine buffered saline (HC1 or NaOH buffered) and incubated at 37 °C for I h; (4) mixed with each of the enzymes chymotrypsin, pepsin and papain at a final concentration of IOO/zg/ml and incubated for 2 h at 37 °C, pH 7.2; (5) incubated for I h at 37 °C with a final concentration of I.o% Nonidet-P4o and with 1-o% Triton X-too; (6) mixed I:I with the fluorocarbon Genesolv-D by shaking for 5 min with a Vortex mixer; (7) held overnight at 4 °C in 5o % (w/v) potassium tartrate; and (8) incubated with a final concentration of o'I25 % (w/v) versene-trypsin at 37 °C, pH 7"2. Specimens treated in each of these ways were examined by electron microscopy to determine whether or not virus morphology was altered.
Subviral components. Based upon observations of virus particles by electron microscopy during purification procedures and after chemical or physical treatments, preparations containing an enrichment of particles exposing various structural layers at their surfaces were obtained as follows: (0 IGV particles free of their outer coat banded separately from particles with the outer coat when faecal extracts containing both types of particles were subjected to differential centrifugation followed by density gradient centrifugation in glycerol-potassium tartrate density gradients as fully described by Martin et al. (I975) . (2) IGV cores were seen in preparations of virus degraded with trypsin. Purified preparations of IGV at a concentration of about lO 1° particles/ml suspended in PBS were mixed with equal volumes of versene-trypsin (final concentration o'125 % versene-trypsin) and incubated at 37 °C. Samples were taken at I5 min intervals and monitored for degradation by electron microscopy as described below. Partially degraded particles and cores were seen after incubation with the enzyme for 3o min at 37 °C. (3) the outer layers of reovirus were removed and inner nucleocapsids obtained in preparations treated with chymotrypsin as fully described by Luftig et al. (I972) . (4) BTV was found to be very labile. The outer layer was readily removed from particles centrifuged in 3o to 5o % potassium tartrate density gradients as described by Martin et al. (I975) . Monitoring of visible bands from these gradients revealed the three BTV particle types described in these studies scattered among various visible bands. Theywere confirmed during routine purification steps. No other methods or chemical treatments were required in order to visualize the particles by electron microscopy.
Electron microscopy. Specimens were prepared for electron microscopy by a pseudoreplica technique and stained with either 0"5 % (w/v) aqueous uranyl acetate or 2.0 % (w/v) potas-sium phosphotungstate, pH 7-0 (Palmer, Martin & Gary, 1975) . In some instances BTV, which proved to be more fragile than reovirus or IGV, was stained by floating carboncoated grids on the surface of a I:~ mixture of potassium phosphotungstate and virus suspension for I to 2 s. Virus particle diameter measurements were made with internal magnification calibration by using bovine catalase crystals (Luftig, 1967) .
RESULTS

Virions
Figure I (a to c) depicts the morphology of IGV (a), reovirus (b) and BTV (c) as these viruses appear when they are intact and unpenetrated by negative stain. Capsomeric organization was poorly resolved on the surface of IGV and reovirus, and the surface of BTV was too fuzzy to allow resolution of underlying capsomeres. Irrespective of the resolution of the capsomeric arrangement, each virus was distinctive, and IGV was readily identified by the sharp definition of its outer margin. The arrows in Fig. I (a) point to the well-defined outline of the outer layer of IGV. Though poorly resolved, the second layer of IGV or the main capsid layer was always visible through the outer coat. The arrangement of these capsomeres and the well defined outer layer provide the spoke-like appearance which originally suggested the term Rota (wheel) virus (Flewett et al. I973) . IGV virions had a diameter of 67 to 68 nm, reovirus 75 to 76 nm and BTV 69 to 7o nm under the same conditions of specimen preparation for electron microscopy with internal catalase calibration.
Outer layer structure
At high magnification, the outer layer of IGV at first appeared to be composed of Tshaped capsomeres as initially proposed by Flewett et al. 1974 (Fig. 2a, arrows) . However, upon further observation the 'posts of the T's' were seen to be derived from the walls of large U-shaped morphological units (Martin et al. 1975 ) comprising the T = 9 capsid layer. The outer layer was not composed of separate capsomeres, but instead was seen to be a continuous covering (arrow, Fig. 2b ) attached to the ends of the U-shaped units of the main capsid layer. The outer layer of reovirus was featureless and that of BTV indistinct; the ultrastructure of the surface of these two viruses could not be discerned.
Main capsid layer structure
Particles of IGV and BTV obtained from glycerol-potassium tartrate density gradients from which the outer layer was removed were about 56 nm in diameter and capsomeric architecture was clearly resolved. This exposed surface was that of the major capsid of these viruses. These particles were IO nm smaller in diameter than intact virions. In contrast, removal of the featureless outer layer of reovirus did not yield smaller particles analogous to IGV or BTV capsids. Capsids of IGV and BTV are shown in Fig. 3 (a) and (b), respectively. A higher magnification of these two types of particles is shown in Fig. 3(c) and (d). Morphological units were clearly arrayed in a rhombic pattern. We have previously shown that each morphological unit or capsomere of IGV is composed of separate wedge-shaped subunits which are clustered and which share a second order of symmetry, that of a T = 9 icosadeltahedron (Martin et al. 1975) . BTV resembled IGV in that the large morphological units (T = 3) were composed of similar shared subunits. The separation of BTV capsomeres is best seen at the lower angle of the rhombus drawn over the BTV particle in Fig. 3 (d) . The main capsid of reovirus was more clearly outlined when the featureless outer layer was lost . Virus particles which have been penetrated by negative stain: (a) and (b) are two particle forms of IGV. In (a) the virus has the 3 characteristic layers; the arrow points to the outer layer. in (b) the particle has lost its outer layer; the arrow points to radial capsomeres. Central electron dense centres are also evident. (e) and (d) Penetrated reovirus particles on different axes of symmetry. The arrow in (c) points to the electron-lucent structure surrounding the core. In (d) the arrow points to radial capsomeres. but the capsomeric architecture was difficult to resolve. In a separate report we have described the capsid as having T --= 3 symmetry with capsomeres formed by shared subunits similar to that of I G V (Palmer & Martin, T 977)-Resolution of reovirus capsomere structure required use of rotational image enhancement.
Inner layer structure
When virus particles of all three of the agents representing different genera of the Reoviridae family were penetrated by negative stain, an electron dense central cavity surrounded by an electron-Iucent layer was evident, and particles were markedly similar in overall morphology. Particles which were penetrated by stain are illustrated in Fig. 4(a to d) . In Fig. 4(a) the arrow points to the sharply defined outer layer which distinguished I G V from reovirus. In Fig. 4(b) , the arrow points to peripheral capsomeres of an I G V capsid, which does not have its outer layer. The inner layer was also evident, but was more readily resolved in reovirus preparations as an electron-lucent layer surrounding the central electron-dense cavity of a particle (arrow in c). In Fig. 4(d) which shows a similar reovirus particle on a different axis, the arrow points to radial capsomeres. Similar BTV particles were seen, but they were fragile and readily lost their outer layer and capsomeres, forming equally unstable cores. The inner layer of I G V was seen in some preparations of versene-trypsin treated particles. They were in various stages of degeneration, but some were clearly icosahedral. The arrow in Fig. 5 (a) points to an I G V particle oriented on a twofold axis of symmetry. The composite m i c r o g r a p h in Fig. 5 (b) depicts several subviral forms of the inner layers of reovirus. The particles in the u p p e r frame clearly have subunits (arrow) reminiscent of capsomeres. The lower left particle in the b o t t o m frame is penetrated by stain, and the particle in the lower right frame has penton projections (arrows). These have been described by Luflig et al. (I972) . Particles of the innermost layer or core of BTV seen in preparations undergoing routine purification procedures are represented in Fig. 5 (c) . These were morphologically identical to analogous forms of IGV which were seen only after these latter particles were treated with versene-trypsin. Many of these particles were oriented on identifiable axes of symmetry. Representative drawings and micrographs of these particles on fivefold, threefold and twofold axes of symmetry are presented in Fig. 6 .
Stability of lGV morphology
IGV was found to be stable to most of the physical and chemical treatments used in these studies (Table 0 . The morphology of IGV was unchanged after purified virions were subjected to heat, centrifugal force, high salt concentrations, or extremes of pH (pH 3 and At pH < 3 the outer layer of IGV collapsed, obscuring the underlying capsomere structure, but particles did not disintegrate. When treated with versene-trypsin, particles of IGV were completely degraded to unrecognizable material. Both outer, main capsid and inner layer were degraded after 2 h incubation at 37 °C with the enzyme.
DISCUSSION
Infantile gastroenteritis virus resembles BTV, the type species of the genus Orbivirus, in all morphological aspects except in the character of its outer layer. The outer layer of BTV is fuzzy (Verwoerd et al. i972) , whereas that of IGV is clearly outlined (Flewett et al. 1973) . IGV virions are 67 to 68 nm in diameter compared with 75 to 76 nm for reovirus and 69 to 7o nm for BTV (internal calibration with catalase crystals; specimens prepared identically for electron microscopy by the pseudoreplica technique).
There is no information as to how the outer layer of the viruses of the Reoviridae family is attached to the capsid layer. Flewett et al. (I974) suggested that the outer layer of IGV is composed of T-shaped capsomeres located above the ends of capsid capsomeres. We think, however, that the 'post of the T's' derives from the side of a hollow U-shaped capsomere. In contrast, reovirus possesses a featureless outer layer located either exterior to or intermeshed among the capsomeres of the capsid (Joklik, I972 ) . When the outer layer of reovirus is removed, the virus does not change diameter.
Removal of the well-defined outer layer of IGV or the fuzzy outer layer of BTV yields capsids IO nm smaller than native particles. The resulting particles have clearly defined capsomeres in symmetrical arrangement; these are 56 nm in diameter. The capsomeres of
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both viruses are arrayed with T ---3 primary symmetry (Murphy et al. I97I ; Martin et al. 1975) . In the case of IGV a more complicated secondary structure, that of a T = 9 icosadeltahedron, has been resolved (Martin et al. 1975) . BTV also has capsomeres composed of similar subunits which appear to be arrayed with the same details of symmetry as those of IGV. Removal of the featureless outer layer of reovirus does allow better resolution of capsomeres (Luftig et al. 1972) . We have recently found that reovirus capsomeres are arrayed with T = 3 symmetry and that like IGV and BTV, they are formed by sharing of smaller units. This arrangement of structural units appears unique to the Reoviridae family (Palmer & Martin, I977) .
The innermost layer or core of IGV, which is morphologically identical to that of BTV, is about 38 nm in diameter and does not have discernible surface projections nor defined subunits. These cores of both viruses, however, do exhibit 5-3-2 symmetry characteristic of icosahedra. In contrast, an analogous reovirus structure has subunits described as capsomeres and 12 penton projections which are considerably larger than the capsomeres (Luftig et al. 1972 ) . Because this reovirus structure has capsomeres, it may be defined as an 'inner nucleocapsid'. This is why reovirus has been repeatedly described as having a double-shelled capsid. This feature is not common to IGV or BTV. A summary of the characteristics of analogous layers of each of the three genera of the Reoviridae family is included as Table z. IGV morphology was similar to that of reovirus in that the virus was stable to nonionic detergents and lipid solvents. It was also stable to heat, centrifugal force, extremes of pH and high salt concentrations. Reovirus is also stable to these stresses, whereas orbiviruses are labile (Joklik, I974) . However, IGV and orbiviruses are not affected by treatment with chymotrypsin which degrades the outer layer and the main capsid layer of reovirus (Joklik, I972; Luftig et al. 1972 ) . IGV was not affected by papain or pepsin, but was completely degraded by treatment with versene-trypsin. It therefore appears that the stability of IGV is more like that of reovirus than that of orbiviruses, even though IGV most closely resembles orbiviruses in morphology. A requirement for survival in the intestinal tract is central in the natural history of reoviruses and IGV, but not in the arthropod-borne cycle of orbiviruses.
IGV resembles, in morphology and morphogenesis, other viruses which cause enteritis in the young of several species of mammals (Holmes et al. 1975) . It has been suggested that these viruses, which are also antigenically related (Kapikian et al. 1974, I975; Flewett et al. I974) , be placed in a new genus, either Rotavirus or Duovirus within the Reoviridae family (Flewett et al. I974; Davidson et al. I975) . The similarities and differences in morphology and stability to chemical and physical stress of IGV compared to reovirus and orbivirus in this study lend further support to the proposal for establishing a new genus.
